However, the interpretation of the mechanics of faulting based on pseudotachylyte 16 generation is often hindered because the depth at which they form is poorly 17 constrained. Here, we use thermochronology to determine the depth at which 18 pseudotachylytes in the Sierra Nevada, California, formed. The pseudotachylytes 19 formed in localized patches over a rupture surface, the rest of which comprised 20 cataclasites that did not melt. The age of the pseudotachylytes is found to be 76.6 ± 21
Introduction 36
Tectonic pseudotachylytes are the chilled remnants of frictionally-induced melts found 37 along fault surfaces [Philpotts, 1964] . The temperature rise required for melting implies 38 that seismic slip rates (of the order of 0.1 to 1m/s) are necessary for pseudotachylytes to 39 form during a slip event [Sibson, 1975] . Currently, pseudotachylytes are the only 40 recognized indicator of ancient seismic activity in exposures containing exhumed faults 41 [Cowan, 1999] and as such, they provide a unique tool for investigating seismic 42 processes from the rock record. 43
44
The presence of pseudotachylyte can place constraints on the stress state on the fault 45 during rupture because for a given amount of slip, frictional heating is dependent on the 46 47 Some studies use the required temperature rise to estimate the average dynamic shear 48 stress acting on the fault over the duration of slip [Sibson, 1975; Barker, 2005; Di Toro et 49 al., 2005 , Andersen et al., 2008 . However, interpreting the derived stress in terms of 50 laboratory constraints on friction requires additional knowledge about the normal stress 51 on the faults. Any further connection between the stress and the micromechanics of 52 resistance rests on inferences about the depth of the pseudotachylyte formation [e.g. 53 Fialko and Khazan, 2005] , as the lithostatic stress places a minimum bound on the 54 normal stress. 55 56 Despite its importance, the depth of pseudotachylyte formation is often difficult to 57 directly determine, particularly as pseudotachylytes are most often found in crystalline 58 rocks [Sibson and Toy, 2006] . At high pressures and temperatures some mineral 59 assemblages in the pseudotachylytes or accompanying fault rocks can be used to estimate 60 the depth at which pseudotachylytes were formed. For example, pseudotachylytes 61 containing eclogite facies assemblages formed at depths in excess of 60km [e.g. 62 Austrheim and Boundy, 1994] . However, lower grade assemblages are less useful at pin-63 pointing the depth of faulting within the upper 15km of the seismogenic crust where the 64 majority of earthquakes are observed to nucleate [Sibson, 1982] . Geochronological data 65 can also be used to estimate depth if the exhumation rate since pseudotachylyte formation 66 is constrained from independent evidence, allowing the depth to be found by dating the 67 pseudotachylyte [Warr et al., 2007] . 68 69 In this study we use thermochronology to determine the depth at which pseudotachylytes 70 in Kings Canyon national park, California were generated. The time at which the 71 pseudotachylytes formed is found by precise 40 Ar/ 39 Ar dating of the pseudotachylyte 72 matrix. A suite of low temperature thermochronometers are used to constrain the time-73 temperature history of the host rock granodiorite. Integrating the two data sets provides a 74 quantitative assessment of the ambient temperature when the pseudotachylytes formed, 75 and the corresponding depth assuming a typical geothermal gradient. 76
77
As an example of the utility of these depth constraints, we pursue the implications for 78 coseismic stress variability on the fault. Stress is commonly recognized to be highly 79 variable on a fault. However, the amplitude and scale of variations requires observational 80 constraints. Field observations show that the lengths of fault-parallel pseudotachylyte 81 veins are limited to 1 to 10m along strike. Coseismic slip consistent with the lengths of 82 the generation surfaces would not dissipate sufficient energy as heat to melt the rock, so 83 the patches must have formed as part of larger ruptures . 84
We use the depth constraint to determine the stress at the initiation of slip and the 85 subsequent stress changes associated with melt formation during the paleo-earthquake 86 that formed the pseudotachylytes. Stress drop in the pseudotachylyte-bearing parts of the 87 faults is found by estimating the shear resistance of the melt layers. Comparison with 88 seismologically observed macroscopic stress drops quantitatively constrains the variation 89 in stress drop between the pseudotachylyte and non-pseudotachylyte parts of the fault. 90 91
Field and microscope observations of pseudotachylyte-bearing faults 92
Pseudotachylyte-bearing faults in Kings Canyon national park, California, USA 93 [Kirkpatrick et al., 2008; , cut the Cretaceous Pyramid pluton 94 granodiorite [Moore, 1978] (Figure 1 ) with mapped trace lengths of ~1 to 8 km, and total 95 apparent left-lateral strike-slip offsets up to ~80 m. Slickenline orientations are 96 predominantly sub-horizontal on each of the faults. Detailed fault rock descriptions have 97 previously been reported [Kirkpatrick et al., 2008; Kirkpatrick et al., 2009, Kirkpatrick 98 and Shipton, 2009]. We summarize here the key meso-and micro-structural 99 characteristics of the pseudotachylytes significant to the present study. 100
101
The Kings Canyon faults consist of multiple cataclastic fault cores within which fault-102 parallel pseudotachylyte veins form thin patches that are discontinuous along strike. The 103 fault parallel patches represent generation surfaces across which opposing sides of the 104 fault moved relative to one another at seismic slip rates, resulting in melting. Centimeter-105 scale injection veins branch from the fault-parallel veins at high angles and contain the 106 same aphanitic, grey to black, cohesive material with occasional rounded clasts of quartz 107 and feldspar. Individual pseudotachylyte patches along the fault can be traced for ~5 to 108 10 m along strike. Where they terminate, the pseudotachylytes trend into cataclasites in 109 which there is no evidence for melting ]. The cataclasites 110 along strike from the pseudotachylyte patches are made up of fragments of host rock 111 quartz, feldspars, hornblende and biotite and clasts containing previously formed 112 cataclasites. Epidote and chlorite are abundant in the matrix of the cataclasites. 113
114
Multiple pseudotachylyte patches are observed on three individual faults, and qualitative 115 6 field observations suggest less than 20 % of the total fault length contains 116 pseudotachylyte ]. The fault-parallel pseudotachylyte patches are 117 typically straight and ≤ 10 mm thick, although they locally reach ~20 mm at geometrical 118 irregularities such as jogs and steps. The pseudotachylytes are altered and replaced with 119 epidote and chlorite to varying degrees. In pristine samples, the pseudotachylyte matrix 120 contains microcrystallites that are tens to hundreds of µm long, indicative of quench 121 textures ( Figure 1 ). Survivor clasts consisting of fragments of host rock minerals or 122 previously formed cataclasites are typically rounded and range in size from ~10µm to 123 several mm. 124
125
We focus on pristine pseudotachylytes in the Skeeter fault (SKF), which displays the 126 patchy geometry. In this fault, the pseudotachylytes cross-cut all other cataclastic 127 deformation textures in exposure and thin section, indicating that they formed during the 128 last slip event on the fault. Coseismic slip for ruptures with lengths equal to the patch 129 dimensions (0.1 to 1mm) is insufficient to raise the temperature of the slip zone and 130 overcome the latent heat of fusion to initiate melting. The discontinuous pseudotachylyte 131 patches on the SKF (as well as the other faults in the area) must therefore have formed in 132 isolated patches over a rupture surface that was large compared to the 5 to 10 m long 133 pseudotachylyte veins ]. Empirical scaling relationships 134 suggest that the largest earthquakes that could have occurred on the 1.4km long SKF 135 would have been ~M4 if the entire fault had ruptured [Wells and Coppersmith, 1994] . 136
Other pseudotachylyte-bearing faults in the study area, such as the Granite Pass fault 137 [Kirkpatrick et al., 2008] , are up to ~8km long and could have experienced a M5.8 138 Aliquots were step-heated using a 25-watt Merchantek CO 2 laser. Samples were heated 162 for 20 seconds prior to 4.5 minutes cleanup. Extracted gases were cleaned using 2 GP50 163 SAES getters (450 °C and room temperature) and a slush trap maintained at -140 °F 164 using CO 2 (S) and acetone. Data were collected using an ARGUS multi-collector mass 165 spectrometer [Mark et al., 2009] , and the BGC software package MassSpec was used for 166 data regression and age calculations. Isotope data are corrected for blank, radioactive 167 decay, mass discrimination and interfering reactions. 40 Ar/ 39 Ar ages also include error 168 assigned to the J-parameter from the analysis of 30 monitors per sample. The 169 atmospheric ratios of Nier [1950] were used to correct for mass discrimination and the 170 decay constants of Steiger and Jäger [1977] were used for age calculations. 171 172 All three aliquots of pseudotachylyte yielded concordant plateaux and the isotope 173 correlation plots yielded inverse isochrons that overlap with the accepted atmospheric 174 40 Ar/ 36 Ar value [Nier, 1950] and show no evidence of excess 40 Ar (Figure 2 , raw data are 175 included in the Auxiliary Material). Data points excluded from the plateau calculations 176 were excluded from inverse isochron calculations. The reproducibility of the same age 3 177 times with different aliquots suggest that contamination by the host rock is negligible 178 because it is unlikely the same amounts of contamination would have been included in 179 the 3 different aliquots. Equally the data do not show evidence for 37 Ar or 39 Ar recoil. 180
We interpret the isochron data as simple binary mixing lines between initial trapped 181 components of atmospheric composition and K-correlated radiogenic components whose 182 ages overlap (1 ) with their associated plateau ages. The three 40 Ar/ 39 Ar ages clearly 183 date the same event and yield a weighted mean age of 76.6 ± 0. Table 1 ). The zonation observed in the sample suggests that the younger population 228 correspond to crystals with strong relative rim enrichment in U, and the older population 229 correspond to crystals that exhibit CL zonation consistent with approximately 230 homogeneous U distribution. 231 232 Apatite fission tracks were revealed by etching in 5.5M HNO 3 for 20s at 21ºC, and the 233 compositional control on annealing was monitored using Dpar ( Table 2 ). The sample 234 yielded AFT age of 67.2 ± 6.6 Ma (2 ), a mean track length of 13.96 ± 1.15 m (2 n = 235 62), and a mean apatite (U-Th)/He age of 34.5 ± 3.8 Ma (2 , n = 3) ( Figure 4 , Table 1  236 and Table 2 ). 237 238
Depth of faulting 239
Inverse modeling of the thermochronology data from the host rock was performed using 240
HeFTy [Ketcham, 2005] , using all the available age and track length data described 241 above. The younger (zoned) population of zircon (U-Th)/He ages was included, using 242 concentration profiles based on the CL images 5x, 10x, 20x and 50x rim enrichment 243
[after Dobson et al., 2008] . Figure 4 shows the t-T path envelope for crystals with 20x 244 rim enrichment, which appears to be a minimum estimate of core-rim enrichment based 245 on the observed track densities. For all modeled concentration changes, the form of the t-246 T history envelope was unchanged but at lower levels of enrichment (5x) the temperature 247 at which the system shifts from rapid to slow cooling increases by ~20ºC. In all 248 instances, the t-T histories support rapid (~40ºC/Myr) cooling to < 150ºC by 80-75 Ma as 249 the pluton was rapidly exhumed to a few kilometers depth immediately after intrusion 250 thickening is thought to have reduced the geothermal gradient rapidly [Dumitru, 1990] . 261
Our thermochronological data indicate rapid cooling prior to ~75 Ma (>40 °C/Ma), with 262 much lower cooling rates through the Cenozoic (generally <7 °C/Ma). This is consistent 263 with rapid readjustment of the geothermal gradient, synchronous with the exhumation of 264 the pseudotachylyte-bearing rocks to within a few kilometers of the surface, by ~ 60 Ma. 265 At the time of pseudotachylyte generation the geothermal gradient is likely to have been 266 25 to 30 ºC/km [House et al., 2001; Clark et al. 2005 ] implying rupture depths of ~3.5 to 267 6.5 km. In the following analysis, we will consider the implications for pseudotachylyte 268 generation in the depth range 2.75 km (absolute minimum) to 6.5 km (maximum 269 probable depth). 270 271
Implications for coseismic stress 272
Static stress drop is the difference between the stress acting on the fault before and 273 immediately after an earthquake. As the depth of pseudotachylyte formation has been 274 constrained, stress drop can be determined by finding the difference between the failure 275 stress at the initiation of slip, σ 0 , and the shear resistance of the faults during the last 276 respectively. Failure of optimally oriented strike-slip faults at these depths with σ 2 equal 285 to the lithostatic stress, Byerlee friction of 0.75 and hydrostatic pore pressures requires σ 0 286 to be 24-56 MPa [Sibson, 1974; 1985] . 287 The pseudotachylyte composition was determined using wavelength dispersive sequential 302 X-ray fluorescence (Table 3) . Clast content and clast compositions were measured from 303 SEM back-scattered electron (BSE) images based on the gray-scale value of each pixel 304 (see Figure 1 ) following the method of [Bjørk et al., 2009] . Mineral phases that 305 correspond to each gray scale value were determined using integrated energy dispersive 306 X-ray (EDX). The area of pseudotachylyte analyzed was maximized using a mosaic of 307 BSE images taken at the same magnification (x250) and image capture conditions 308 (brightness and contrast). Most clasts were fragments of cataclasite that contain 309 fragments of multiple mineral phases (Table 4) We have combined 40 Ar/ 39 Ar dating of the pseudotachylyte in the SKF with the 371 temperature-time history of the host rock to constrain the depth at which the 372 pseudotachylyte formed. For the most likely geothermal gradients, the depth at which the 373 pseudotachylytes exposed at the surface today formed was 5.5 to 6.5 km. These depths 374 are consistent with the available geologic evidence: the epidote-chlorite alteration and 375 neomineralization in the fault rocks immediately along strike to the SKF 376 pseudotachylytes is typical of mid-crustal, greenschist or lower facies conditions. The 377 compilation of pseudotachylyte reports in the literature by Sibson and Toy [2006] shows 378 that 5.5 to 6.5 km is relatively shallow for pseudotachylyte formation, but not 379 exceptional. 380 381 The depth constraints provide information regarding the stress on the fault at the 382 initiation of slip. Optimally oriented strike-slip faults with hydrostatic pore pressure at 5.5 383 to 6.5 km require failure stress of up to ~56 MPa. By estimating the shear resistance of 384 the melt layers, we show that the stress drop associated with pseudotachylyte formation, 385 Δσ m , was complete. Macroscopic estimates of static stress drop determined 386 seismologically are derived from the mean offset and total length of an earthquake and 387 are averaged across an entire fault plane. Macroscopic Δσ values consistently range from 388 1 to 10 MPa across a wide range of earthquake magnitudes [Kanamori and Anderson, 389 1975; Abercrombie, 1995] . This is significantly lower than our calculated Δσ m values 390 (24-56 MPa). 391
The pseudotachylyte patches in the SKF and other faults in the study area are ~5 to 10 m 393 long and formed within larger ruptures ]. If the paleo-394 seismic events that formed the pseudotachylytes in the study area conformed to 395 historically recorded macroscopic stress drops, Δσ, the extremely high Δσ m values must 396 be balanced by low stress drops in the non-melted portions of the fault, Δσ d . The results 397 therefore show that stress drops were concentrated into small areas of the fault plane, and 398 imply that small-scale heterogeneity in stress drop is characterized by the lengths of the 399 pseudotachylyte patches (i.e. a few meters to ~10m). A similar interpretation was 400 (2) 411 412 where x is the proportion of the fault that melted. Using our lowest estimates of Δσ m 413 (highest σ m ) and macroscopic stress drops (Δσ) of 1, 5 and 10 MPa from seismological 414 observations, we estimate the proportion of the fault that would have melted during the 415 SKF paleo-earthquake for a range of possible Δσ d values ( Figure 5 ). The maximum 416 amount of melting is 42% which occurs for the rupture depth of 2.75km, Δσ = 10 MPa 417 and Δσ d = 0. For our preferred rupture initiation depths of 5.5 -6.5km (i.e. Δσ m ~ 56 418 MPa), the results suggest that a maximum of ~17% of the fault would have melted. This 419 is consistent with the qualitative field observations, and suggests shallower depths 420 suggested by high geothermal gradients are unlikely. As some melting evidently 421 occurred during the earthquake, Δσ d , must have been less than 10 MPa, and could have 422 been significantly lower. It follows that the stress drop varied by at least an order of 423 magnitude and possibly much more. As Δσ is independent of earthquake magnitude, the 424 proportion of the fault that melted is also independent of magnitude. Spatially variable 425
Δσ also requires that dynamic weakening in the non-melted parts of the fault was small, 426 or that significant healing characterizes the final increments of slip in the non-melted 427 parts of the rupture area. 428
429
In many respects, the study area faults are classic examples of pseudotachylyte 430 generating faults [Sibson and Toy, 2006 ]. They cut low porosity, quartz-rich, crystalline 431 rocks and were active at shallow to mid crustal depths. Pseudotachylytes are less often 432 identified in exhumed plate boundary faults, which typically contain gouge and 433 cataclasite without evidence for melting. It is interesting to note that the maximum 434 proportion of the Sierra faults that could have melted is ≤42% ( Figure 5 ), suggesting that 435 another reason for the apparent scarcity of frictional melt products in exhumed faults is 436 that only a small area of any earthquake rupture would melt reducing the likelihood of 437 20 finding pseudotachylytes in an exposure of an exhumed fault. 438
439
The distribution of deformation products in the exhumed SKF fault reflects the spatial 440 variation in coseismic source parameters. The key control on the onset of melting was 441 the thickness of the slip zone . Where the slip zone is 442 narrow, frictional heating raised the temperature quicker and resulted in melting after 443 smaller amounts of slip than where it is wider. This resulted in diverging stress 444 trajectories for the melted and non-melted parts of the fault. As faults from a variety of 445 lithologies and tectonic settings have similar roughness at the scales of seismic slip [e.g. 446 Sagy et al., 2007; Brodsky et al., 2011] , we expect that slip zone thickness would vary 447 with similar properties on a wide range of faults. Therefore, we predict that the onset of 448 any thermally activated weakening mechanism [Di Toro et al., 2011] will be spatially 449 variable in the same way as suggested by the pseudotachylyte patches and that the pattern 450 of small proportions of a rupture area experiencing high stress drops is common. 451 452 Constraints on earthquake source parameters can be obtained by parameterizing the fault 453 plane and inverting seismic data for slip and moment release histories [e.g. Bouchon, 454 1997 , Ma et al., 2001 . Numerous studies show that the seismic source is complex [e.g. 455 Hanks, 1979] , but there are few constraints on the degree of complexity at short length 456 scales because attenuation of seismic energy and scattering from structural heterogeneity 457 in the shallow crust limits the spatial resolution of these inversions to kilometres. 458
Variations that occur over shorter length scales are not deterministically imaged by 459 seismological source inversions. The results of this study show that fault architecture and 460 the distribution of fault rocks can be used to constrain the physics of earthquake rupture 461 at length scales below the resolution of seismic inversions. 462 463
Conclusions 464
Integrating 40 Ar/ 39 Ar dating of pseudotachylytes and the time-temperature path of the 465 host rock shows that the depth of pseudotachylyte formation in the study area faults was 466 5.5 to 6.5 km. At these depths, the stress at failure was up to ~56 MPa. As the shear 467 resistance of the melt layers was <1MPa, the stress drop associated with pseudotachylyte 468 formation was complete suggesting stress drops of similar magnitude to those measured 469 experimentally do occur during earthquakes. By considering the macroscopic estimates 470 of static stress drop measured seismologically, we have determined that at mid crustal 471 conditions the stress drop over melt bearing and non-melt bearing parts of the fault differs 472 by at least an order of magnitude. We conclude that the extent of pseudotachylytes 473 exposed in exhumed faults represent the length scale over which seismic source 474 parameters vary. Although it has long been known that stress must be highly 475 heterogeneous during earthquakes, the pseudotachylyte observations combined with the 476 depth constraints provide a quantitative estimate of the degree and scale of heterogeneity. and Fish Canyon (zircon, 12%) age standards. The bimodal zircon age population is 689 consistent with the observed zonation, with the younger population experiencing higher 690 fractional He loss from the U enriched rims. Inverse modeling from thermochronological 691 data performed using HeFTy [Ketcham, 2005] Figure 2. 40 Ar/ 39 Ar step heating spectra and isotope correlation plots for 3 aliquots of pseudotachylyte matrix. Grey points were rejected. Plateau calculations are based on the acceptance criteria of n = 3 for the minimum number of contiguous steps with no resolvable slope, F = 0.60 (that is, ≥ 60% of 39Ar released) and P = 0.05 for the probability of fit. All inverse isochron ages for all 3 aliquots overlap with the associated plateau and integrated ages showing the 40 Ar/ 39 Ar data to be robust. The 40 Ar/ 36 Ar trapped components all overlap with accepted atmospheric values [Nier, 1950] . uncertainty based on the reproducibility of the Durango (apatite, 6%) and Fish Canyon (zircon, 12%) age standards. The bimodal zircon age population is consistent with the observed zonation, with the younger population experiencing higher fractional He loss from the U enriched rims. Inverse modeling from thermochronological data performed using HeFTy [Ketcham, 2005] and the permitted time-Temperature path envelope shown as dark grey (50% confidence interval) and mid grey (95% confidence interval) zones. Model uses U rim /U core =20 for the zoned zircon population (younger age population). Figure 5 . Plot showing the proportion of the fault that would have melted for macroscopic stress drops (Δσ) of 1, 5 and 10 MPa. Dashed curves are failure stress of 24 MPa (rupture depth = 2.75 km), solid curves 56 MPa (rupture depth = 6.5 km). The macroscopic mean stress drop (Δσ) is averaged over the fault area as described in Equation 2. Shear resistance of the melts in this plot are assumed to be 0.2 MPa, the highest value obtained in our analysis, lower values will result in smaller proportions of melting.
